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Solar Astronomy 101
Most Salient Observational Features about the Sun 

• It rotates, but not as a solid body. The equator rotates faster than 
the poles (use helioseismology to probe the interior). 

• It has sunspots. The number of sunspots waxes and wanes with 
an eleven year cycle.  

• Magnetic fields pervade the entire Sun. 

• The Sun is a panchromatic astrophysical object. 

• The hot corona consists of loops anchored at/near sunspots. 

• Total eclipses are way cool (forget about partial ones). 😎
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Credit: KelvinsongThe Solar Interior
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Credit: KelvinsongThe Solar Interior
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Credit: KelvinsongThe Solar Interior
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The Coronal Heating Conundrum
• There is lots of energy available.  

• The solar atmosphere is strongly stratified. 

• Radiative flux at photosphere ~ 6x1010 erg cm-2 s-1 

• Power required to sustain the corona ~ 105-7 erg cm-2 s-1 

• But that doesn’t mean the coronal heating conundrum is 
uninteresting. Analogy: Food supply in the world.

Temperature15 million K 1 million K

Mass Density150 g cm-3 1x10-15 g cm-3

Internal Energy Density/Pressure2x1017 erg cm-3 0.1 erg cm-3 
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Radiative MHD simulation of AR formation* (M. Rempel)

Radiatively-driven, turbulent, magnetoconvection generates magnetoacoustic 
fluctuations that dissipate to heat the chromosphere and corona and drives the solar 
wind. c.f. MRI-driven turbulence causing disk winds; e.g. Miller & Stone 2000 … many 
references …  Takasao et al. 2018) 

*work done for NASA’s Heliophysics Grand Challenges Research project (LMSAL/NCAR/SAO/BAERI/U Oslo)

Bz @ 1.5 Mm Bz @ 3.8 Mm

Log mass density Log internal energy density
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Broad Science Questions
• What are the physical mechanisms that: 

• drive the build-up of magnetic energy in the solar corona to 
cause flares and eruptions? 

• channel the abrupt release of stored magnetic energy into 
other forms, which are ultimately responsible for the salient 
observational signatures common to flares (e.g. increase in X-
ray and EUV fluxes by orders of magnitudes)? 

• How, and what do we learn about the temperature structure and 
evolution of coronal (namely million K) plasma using EUV and X-
ray observations? 

• What lessons do we learn from studying the solar atmosphere that 
can be applied to other astrophysical systems, e.g. stellar activity? 

• Heads-up: This talk does not cover particle acceleration. 
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Coronal mass ejection (CME) and flare in SDO/AIA
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D o w n s e t a l . 
“Probing the solar 
magnetic field with 
a s u n g r a z i n g 
comet”, Science, 
340, 1196 (2013) 

NASA SDO and 
S T E R E O E U V 
observations of the 
2011 swing-by of 
Comet Love joy, 
c o m p a r e d w i t h 
magnetic  coronal 
modeling. 

See also Bryans & 
Pesnell (2012) and 
McCauley et al. 
(2013) for emission 
mechanisms from 
outgassed material. 
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Solar Dynamics Observatory 
Atmospheric Imaging Assembly

 He II 304Å
90,000 K

Reale et al., 2013, Science, 341, 251 

density temperature density temperature density temperature
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Coronal rain in SDO/AIA He 304 Å
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SDO’s main goal is to understand, driving toward a predictive capability, 
the solar variations that influence life on Earth and humanity’s 

technological systems.

SDO images the sun’s surface, atmosphere and interior.  
The mission generates 2 terabytes worth of science data everyday.
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#200,000,000 from SDO/AIA on Nov 5th 2019



http://svs.gsfc.nasa.gov/4008 
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NASA SDO Data: A treasure trove of information



Solar Surface 6,000 K

7 June 2011 7:48:08
HMI/Stanford



Surface LOS 
Magnetic Field

7 June 2011 7:48:08
HMI/Stanford



UV Continuum 
1700Å
8,000 K

7 June 2011 7:29:20
AIA/LMSAL



He II 304Å
90,000 K

7 June 2011 6:29:33AIA/LMSAL



7 June 2011 6:29:13

Fe IX 171Å
750,000K

AIA/LMSAL



Fe XII 193Å
1,200,000 K

7 June 2011 6:29:08
AIA/LMSAL



Fe XIV 211Å
1,800,000 K

7 June 2011 6:29:08
AIA/LMSAL



Fe XVI 335Å
2,000,000 K

7 June 2011 6:29:08
AIA/LMSAL



Fe XVIII 94Å
10,000,000 K

7 June 2011 6:29:08
AIA/LMSAL



He II 304Å
90,000 K



Alfvén Wave Solar  
Model (AWSoM) 

van der Holst et al.  
2014ApJ…782...81V

• Fully-compressible MHD 
equations + Alfvén wave 
propagation and dissipation. 

• Used AIA (and STEREO) EUV 
images to val idate the 
Alfvén wave heating model 
(as opposed to an analytical 
spatially-dependent heating 
model). 

• See Alvarado-Gómez et al. 
(2016) for application to 
stellar winds of exoplanet 
host stars: HD 1237, HD 
22049, and HD 147513.



Dong + (PNAS, 2018)

Space Weather @ Trappist-1



UNIFIED TDE MODEL 3
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Figure 1. A schematic picture showing the viewing-angle dependence for the observed emission from a TDE super-Eddington disk. The
emission from the inner disk is reprocessed by the optically thick outflows and outer disk. Only when the observer is looking into the optically
thin funnel is the inner disk exposed, which can reveal strong, beamed X-ray and EUV radiation. Otherwise, X-ray is reprocessed into
optical/NUV emission via photoionization (in denser outflow or disk at high inclination angles) or adiabatic cooling (in ultrafast outflow at low
inclination angles). A jet is included in the picture for completeness, though most TDEs may not produce jets.

used a spherically symmetric envelope with ad-hoc profile
for calculations. A general relativistic simulation of a super-
Eddington TDE disk is the key to provide a clear, qualitative
understanding of the outflow profile and the viewing-angle
dependence of the observed emission.

2.1. Fully 3D GR Radiation MHD simulation set up

We simulate a super-Eddington TDE disk using the
fully 3D general relativistic radiation magnetohydrodynam-
ics (GRRMHD) code called HARMRAD (McKinney et al.
2014), which treats radiation under M1 closure (Levermore
1984). The gas is assumed to have solar chemical abun-
dances (mass fractions of H, He, and “metals”, respectively,
X = 0.7,Y = 0.28,Z = 0.02), so its electron scattering opacity
is es = 0.2(1 + X) cm2 g-1. For absorption and emission,
frequency-mean opacities are used (see McKinney et al.
(2015) for the expression; also the Chianti opacity is turned

off as it is unimportant for the TDE disk temperature). Ther-
mal Comptonization is also included. There are 128 cells in
radius r from 1.2 Rg to 105

Rg (Rg = GMBH/c
2 is the grav-

itational radius of the black hole) with cell size increasing
exponentially until r ⇡ 500 Rg and then even faster, 64 cells
in ✓-grid from 0 to ⇡ with finer resolution in the jet and disk
region, and 32 cells in �-grid spanning uniformly from 0
to 2⇡. We provide large-scale poloidal magnetic flux to the
initial disk with plasma beta of ⇠ 20 - 30.

We tailor the parameters and initial conditions to be study
TDE disks. The SMBH has a mass MBH ⇡ 5⇥ 106

M�
and spin parameter a = 0.8. The initial disk is Keplerian with
a rest-mass density that is Gaussian in angle with a height-
to-radius ratio of H/R ⇡ 0.3. Radially the density follows a
power-law of ⇢ / r

-1.3 out to Rdisk = 500 Rg and exponen-
tially decays with r > Rdisk. We set up a small disk, since in
TDEs stellar debris is provided to the SMBH from a close

Flares from Tidal Disruption Events (TDEs)  
around Supermassive Black Holes 

UNIFIED TDE MODEL 7

Figure 5. (a) The simulated escaping spectra from inclination angles bin 1 (red curve, closest to mid-plane) to bin 4 (purple curve, closest to
the pole). The optical to X-ray ratio increases with inclination angle. The purple shaded region corresponds to X-ray band with energy below
0.3 keV. The orange shaded region corresponds to the optical band from 3560Åto 9000Å. (b) The simulated escaping spectrum (black curve)
from intermediate angle bin 3, the shapes of which is broader than a blackbody spectrum. We also show two Planck functions, one fitting the
X-ray continuum component (purple dotted curve) and the other one fitting the optical continuum component (orange dashed curve).

from the inner disk (where inflow equilibrium has been estab-
lished), have travelled beyond the size of the electron scatter-
ing photosphere from most inclination angles. As shown in
Fig. 4, the photosphere for electron scattering, where the op-
tical depth ⌧r =

R
esdl = 1 integrated from r = 8000 Rg

(optically thin region) radially inwards, has been resolved.
The photosphere has a size ⇠ 1000 Rg from most viewing
angles, but gets much closer to the black hole in the funnel
region.

We show in Fig. 4 the magnetic flux lines (with elec-
tromagnetic efficiency), the gas velocity flux lines (with ki-
netic+gravitational energy efficiency) and lab-frame radia-
tion flux stream lines (with radiative efficiency). Within the
optically thick region, photons are trapped in the gas by scat-
tering, so radiation either moves inward within the disk or
somewhat follows the path of the wind and ultimately be-
comes more radially-directed at larger distances. Most of
the electromagnetic energy is released from the black hole’s
spin energy through the Blandford-Znajek process. Most of
the electromagnetic and kinetic energy escape with the jet
or through the wind in the funnel region. The radiation flux
is mildly beamed – the bolometric flux is around Eddington
when viewed along the disk, and 2-3 times Eddington when
looking down the funnel where strong outflows are present.

3.2. Viewing angle dependence for emission

Most of the radiation is produced from the inner disk and
the base of the jet close to the black hole, which is repro-
cessed when going through the outflow and outer disk. Two
different reprocessing mechanisms are responsible for chang-
ing the spectral energy distribution of the photons. Away
from the mid-plane, in inclination angle bins 2 through 4,
the low density of the gas results in relatively high ionization
state and therefore very little absorption of the radiation. In-
stead, it is trapped in the outflow by scattering, and its spec-

trum is red-shifted due to adiabatic expansion. Due to the
high gas velocity, the thermal state of the electrons plays lit-
tle role in setting the spectrum in these bins.

Such adiabatic reprocessing also plays a role for gas close
to the mid-plane (bin 1), but here the radiation is mainly ab-
sorbed by photoionization of HeII and OVI of the dense and
slow gas in the outflows and disk. The absorbed radiation is
re-emitted at UV and optical wavelengths. For the optical re-
emission, the primary processes involved are recombination
of free electrons onto hydrogen and free-free emission, along
with some line emission, as in Roth et al. (2016).

We show the simulated escaping spectra from bin 1 to bin
4 in Fig. 5 (a). There is a clear trend that the optical to X-ray
flux ratio increases with the inclination angle. The ratios of
the integrated optical/UV flux (1500–7000Å) to X-ray flux
(above 0.3 keV) are: 2700 (bin 1), 190 (bin 2), 2.1 (bin 3)
and 0.036 (bin 4). In all bins, most of the escaping luminosity
is in the EUV. The ratios of the (unobservable) EUV (41.3–
1150Å) to the combination of the (observable) optical and
X-ray luminosities are: 24 (bin 1), 24 (bin 2), 39 (bin 3), and
7.1 (bin 4). Interestingly, the shapes of the escaping spectra
from all bins are broader than a blackbody spectrum.

3.3. Comparison with TDE observations

The simulated disk has various features consistent with the
observed properties of TDEs. As our simulation represents
only one epoch in the super-Eddington phase but could not
follow the whole evolution of a TDE disk, we only com-
pare with the properties observed around the peak of the TDE
flare.

1. Fast outflow: Simulations show that the outflows
from super-Eddington accretion can have ultra-fast speed
of few⇥0.1c at relatively low inclination angles. Out-
flows with similarly high speed have been inferred in
the jetted TDE Swift-J1644 through X-ray reverberation

D a i e t a l . 2 0 1 8 
(2018ApJ...859L..20D): In GR 
Radiation MHD simulations of 
T D E s p ro d u c i n g s u p e r-
Eddington accret ion, the 
synthetic spectrum from the 
d i s k p e a k s a t E U V 
wavelengths.
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http://adsabs.harvard.edu/abs/2018ApJ...859L..20D


What does the SDO/Atmospheric Imaging Assembly image?
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Brendan O’Dwyer et al.: SDO/AIA response to coronal hole, quiet Sun, active region and flare plasma

Fig. 1. Plot of DEM curves for coronal hole, quiet Sun, active region
and flare plasma (see text for references).

and AR spectra. Density values of Ne = 2 × 108 cm−3,
Ne = 5 × 108 cm−3 and Ne = 5 × 109 cm−3 were used in cal-
culating the CH, QS and AR spectra respectively. These are the
same density values as those used to calculate the contribution
functions for the lines which were used to constrain the DEM
curves for the CH, QS and AR cases. For the flare spectrum
a value of Ne = 1 × 1011 cm−3 and the solar coronal abun-
dances of Feldman et al. (1992) were used. The use of either
photospheric or coronal abundances in calculating the synthetic
spectra reflects the original use of either photospheric or coronal
abundances in generating the DEM curves. These synthetic spec-
tra were then convolved with the effective area of each channel.
The effective areas were obtained from P. Boerner (2009, private
communication), with the exception of the 171 Å and 335 Å
channels for which updated versions were used obtained from
Solarsoft (12 July, 2010).

3. Results
Table 1 lists those spectral lines which contribute more than 3%
to the total emission in each channel for CH, QS, AR and flare
plasma. Also included is the fractional contribution of the con-
tinuum emission for any case where the continuum contributes
more than 3% to the total emission in a channel. Synthetic spec-
tra for each of the channels are displayed in Fig. 2 - 8. For every
channel each spectrum has been divided by the peak intensity
of the strongest spectrum. Weaker spectra have been scaled by
factors indicated in each figure.

The 94 Å channel is expected1 to observe the Fe  93.93Å
line [log T[K] ∼ 6.85] in flaring regions. For both AR and flare
plasma (see Fig. 2) the dominant contribution comes from the
Fe  93.93 Å line. However, for the CH and QS spectrum (see
Fig. 2) the dominant contribution comes from the Fe  94.01 Å
line [log T ∼ 6.05].

In flaring regions the 131 Å channel is expected1 to observe
the Fe  132.84 Å and Fe  132.91 Å lines. However, for
the flare spectrum (see Fig. 3) the dominant contribution comes
from the Fe  128.75 Å line [log T ∼ 7.05]. The combined con-
tribution of the Fe  132.84 Å and Fe  132.91 Å lines is less
than ten percent of the total emission. For CH observations the
131 Å channel is expected1 to be dominated by Fe  lines [log
T ∼ 5.6]. From our simulations, the dominant contribution for
CH and QS plasma (see Fig. 3) does come from Fe  lines, but
with a significant contribution from continuum emission. For the

Table 1. Predicted AIA count rates.

Ion λ T ap Fraction of total emission
Å K CH QS AR FL

94 Å Mg  94.07 5.9 0.03 - - -
Fe  93.78 7.0 - - - 0.10
Fe  93.93 6.85 - - 0.74 0.85
Fe  94.01 6.05 0.63 0.72 0.05 -
Fe  93.47 5.6 0.04 - - -
Fe  93.62 5.6 0.05 - - -
Cont. 0.11 0.12 0.17 -

131 Å O  129.87 5.45 0.04 0.05 - -
Fe  132.91 7.15 - - - 0.07
Fe  128.75 7.05 - - - 0.83
Fe  130.94 5.6 0.30 0.25 0.09 -
Fe  131.24 5.6 0.39 0.33 0.13 -
Cont. 0.11 0.20 0.54 0.04

171 Å Ni  171.37 6.35 - - 0.04 -
Fe  174.53 6.05 - 0.03 - -
Fe  171.07 5.85 0.95 0.92 0.80 0.54
Cont. - - - 0.23

193 Å O  192.90 5.35 0.03 - - -
Ca  192.85 6.75 - - - 0.08
Ca  193.87 6.55 - - 0.04 -
Fe  192.03 7.25 - - - 0.81
Fe  195.12 6.2 0.08 0.18 0.17 -
Fe  193.51 6.2 0.09 0.19 0.17 -
Fe  192.39 6.2 0.04 0.09 0.08 -
Fe  188.23 6.15 0.09 0.10 0.04 -
Fe  192.83 6.15 0.05 0.06 - -
Fe  188.30 6.15 0.04 0.04 - -
Fe  190.04 6.05 0.06 0.04 - -
Fe  189.94 5.85 0.06 - - -
Fe  188.50 5.85 0.07 - - -
Cont. - - 0.05 0.04

211 Å Cr  210.61 5.95 0.07 - - -
Ca  208.60 6.7 - - - 0.09
Fe  204.67 6.6 - - - 0.07
Fe  211.32 6.3 - 0.13 0.39 0.12
Fe  202.04 6.25 - 0.05 - -
Fe  203.83 6.25 - - 0.07 -
Fe  209.62 6.25 - 0.05 0.05 -
Fe  209.78 6.15 0.11 0.12 - -
Fe  207.45 6.05 0.05 0.03 - -
Ni  207.92 6.1 0.03 - - -
Cont. 0.08 0.04 0.07 0.41

304 Å He  303.786 4.7 0.33 0.32 0.27 0.29
He  303.781 4.7 0.66 0.65 0.54 0.58
Ca  302.19 6.85 - - - 0.05
Si  303.33 6.2 - - 0.11 -
Cont. - - - -

335 Å Al  332.79 6.1 0.05 0.11 - -
Mg  335.23 5.9 0.11 0.06 - -
Mg  338.98 5.9 0.11 0.06 - -
Si  341.95 6.05 0.03 0.03 - -
Si  319.84 5.95 0.04 - - -
Fe  335.41 6.45 - - 0.86 0.81
Fe  334.18 6.3 - 0.04 0.04 -
Fe  184.54 6.05 0.13 0.15 - -
Cont. 0.08 0.05 - 0.06

The count rates are normalised for each channel. Coronal hole
(CH), quiet Sun (QS), active region (AR) and flare (FL) plasma.

a Tp corresponds to the log of the temperature of maximum abun-
dance.
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Ne = 5 × 108 cm−3 and Ne = 5 × 109 cm−3 were used in cal-
culating the CH, QS and AR spectra respectively. These are the
same density values as those used to calculate the contribution
functions for the lines which were used to constrain the DEM
curves for the CH, QS and AR cases. For the flare spectrum
a value of Ne = 1 × 1011 cm−3 and the solar coronal abun-
dances of Feldman et al. (1992) were used. The use of either
photospheric or coronal abundances in calculating the synthetic
spectra reflects the original use of either photospheric or coronal
abundances in generating the DEM curves. These synthetic spec-
tra were then convolved with the effective area of each channel.
The effective areas were obtained from P. Boerner (2009, private
communication), with the exception of the 171 Å and 335 Å
channels for which updated versions were used obtained from
Solarsoft (12 July, 2010).

3. Results
Table 1 lists those spectral lines which contribute more than 3%
to the total emission in each channel for CH, QS, AR and flare
plasma. Also included is the fractional contribution of the con-
tinuum emission for any case where the continuum contributes
more than 3% to the total emission in a channel. Synthetic spec-
tra for each of the channels are displayed in Fig. 2 - 8. For every
channel each spectrum has been divided by the peak intensity
of the strongest spectrum. Weaker spectra have been scaled by
factors indicated in each figure.

The 94 Å channel is expected1 to observe the Fe  93.93Å
line [log T[K] ∼ 6.85] in flaring regions. For both AR and flare
plasma (see Fig. 2) the dominant contribution comes from the
Fe  93.93 Å line. However, for the CH and QS spectrum (see
Fig. 2) the dominant contribution comes from the Fe  94.01 Å
line [log T ∼ 6.05].

In flaring regions the 131 Å channel is expected1 to observe
the Fe  132.84 Å and Fe  132.91 Å lines. However, for
the flare spectrum (see Fig. 3) the dominant contribution comes
from the Fe  128.75 Å line [log T ∼ 7.05]. The combined con-
tribution of the Fe  132.84 Å and Fe  132.91 Å lines is less
than ten percent of the total emission. For CH observations the
131 Å channel is expected1 to be dominated by Fe  lines [log
T ∼ 5.6]. From our simulations, the dominant contribution for
CH and QS plasma (see Fig. 3) does come from Fe  lines, but
with a significant contribution from continuum emission. For the

Table 1. Predicted AIA count rates.

Ion λ T ap Fraction of total emission
Å K CH QS AR FL

94 Å Mg  94.07 5.9 0.03 - - -
Fe  93.78 7.0 - - - 0.10
Fe  93.93 6.85 - - 0.74 0.85
Fe  94.01 6.05 0.63 0.72 0.05 -
Fe  93.47 5.6 0.04 - - -
Fe  93.62 5.6 0.05 - - -
Cont. 0.11 0.12 0.17 -

131 Å O  129.87 5.45 0.04 0.05 - -
Fe  132.91 7.15 - - - 0.07
Fe  128.75 7.05 - - - 0.83
Fe  130.94 5.6 0.30 0.25 0.09 -
Fe  131.24 5.6 0.39 0.33 0.13 -
Cont. 0.11 0.20 0.54 0.04

171 Å Ni  171.37 6.35 - - 0.04 -
Fe  174.53 6.05 - 0.03 - -
Fe  171.07 5.85 0.95 0.92 0.80 0.54
Cont. - - - 0.23

193 Å O  192.90 5.35 0.03 - - -
Ca  192.85 6.75 - - - 0.08
Ca  193.87 6.55 - - 0.04 -
Fe  192.03 7.25 - - - 0.81
Fe  195.12 6.2 0.08 0.18 0.17 -
Fe  193.51 6.2 0.09 0.19 0.17 -
Fe  192.39 6.2 0.04 0.09 0.08 -
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Fe  188.30 6.15 0.04 0.04 - -
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Fe  189.94 5.85 0.06 - - -
Fe  188.50 5.85 0.07 - - -
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211 Å Cr  210.61 5.95 0.07 - - -
Ca  208.60 6.7 - - - 0.09
Fe  204.67 6.6 - - - 0.07
Fe  211.32 6.3 - 0.13 0.39 0.12
Fe  202.04 6.25 - 0.05 - -
Fe  203.83 6.25 - - 0.07 -
Fe  209.62 6.25 - 0.05 0.05 -
Fe  209.78 6.15 0.11 0.12 - -
Fe  207.45 6.05 0.05 0.03 - -
Ni  207.92 6.1 0.03 - - -
Cont. 0.08 0.04 0.07 0.41

304 Å He  303.786 4.7 0.33 0.32 0.27 0.29
He  303.781 4.7 0.66 0.65 0.54 0.58
Ca  302.19 6.85 - - - 0.05
Si  303.33 6.2 - - 0.11 -
Cont. - - - -

335 Å Al  332.79 6.1 0.05 0.11 - -
Mg  335.23 5.9 0.11 0.06 - -
Mg  338.98 5.9 0.11 0.06 - -
Si  341.95 6.05 0.03 0.03 - -
Si  319.84 5.95 0.04 - - -
Fe  335.41 6.45 - - 0.86 0.81
Fe  334.18 6.3 - 0.04 0.04 -
Fe  184.54 6.05 0.13 0.15 - -
Cont. 0.08 0.05 - 0.06

The count rates are normalised for each channel. Coronal hole
(CH), quiet Sun (QS), active region (AR) and flare (FL) plasma.

a Tp corresponds to the log of the temperature of maximum abun-
dance.
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O’Dwyer, Del Zanna, 
Mason &  Weber 

  (A&A 2010), using the 
CHIANTI atomic package 32

Major EUV Lines in SDO/AIA passbands



From aia_get_response.pro in SSW

Problem Statement 

y = Kx 
rows of K =  

temp responses  
of AIA channels 

y = AIA count rates 

x = Dm, 
cols. of D = basis 

funcs 

m = emission 
measure (EM) in 
temperature bins

EM @ certain temperature = line-of-sight integral of ne2 

 33

 33



In practice, measurement uncertainties imply that the equality y = 
Kx may not be satisfied. So our method solves the following linear 
program:

The vector η is a measure of the uncertainty in the count rate and 
provides tolerance for the predicted counts (Kx) to deviate from 
the observed values (y). To enforce positive counts the lower 
bound is set to max(y-η, 0).  
 
Cheung et al. (2015): This method has been validated on (1) simple 
log-normal DEM models, (2) 3D model of quasi-steadily heated 
loops in a non-linear force-free field and (3) 3D MHD model of an 
active region with field-aligned thermal conduction. 

Sparse Solution by Basis Pursuit

 34 34
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Warren, Brooks & Winebarger (2011) 
Raster scans of an active region 
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CHAPTER 2. X-RAY TELESCOPE SOFTWARE GUIDE 51

Figure 2.13: Example of XRT temperature responses calculated for two di↵erent dates. The
solid lines are responses calculated for 2007-03-01, before the first CCD bakeout, and the
dashed curves are calculated for 2008-03-01, in the regime of regular bakeouts. The com-
parison shows how the sensitivity in the lower energy range, significantly decreased by the
contamination material, has been recovered through CCD bakeout and maintained with reg-
ular CCD bakeouts.

2.10.1 Calculating XRT Filter Response with Non-Standard Spectra
You can calculate the XRT filter response using non-standard spectra by using the routine
make xrt emiss model.pro; it puts a spectral emission model into a structure format that
other XRT routines will expect.

Basic call:
IDL> emiss_model = make_xrt_emiss_model(model name, wave, temp, $

spectrum, abund_model, ioneq_model, dens_model, $
data_files = data_files)

Inputs:

MODELNAME: (string scalar) This will be the name/ID given to this spectral model.

WAVE: (float array, [N�]) This is a 1D array of monotonically increasing wavelengths. Units
are in angstroms. Must correlate to one dimension of the SPEC array. See WLENGTH.

Validation Exercise: AIA-XRT Cross-Comparison*

*Not discussed in the  
Cheung et al. 2015 paper  38 38



2D histograms
Hinode/XRT AIA DEM -> Mock XRT

Also, see Su et al. (2018) for validation against RHESSI. 
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Dashed contours: Total EM =1029 cm-5

Solid contours: Total EM =1030 cm-5

Chromospheric evaporation

Downward mass pumping from reconnection outflow

 45



Shiota et al. (2005, ApJ, 
634, 663): 
• 2.5D MHD simulation 

of of the eruption of a 
pre-existing flux rope 
t r i g g e r e d b y fl u x 
emergence. 

• Similar scenario as 
modeled by Chen & 
Shibata (2000, ApJ, 
545, 524) but with 
field-aligned thermal 
conduction. 

• Both temperature and 
density are initially 
uniform (dimensionless 
value of unity).
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Influence of efficiency of thermal conduction / system size

Extension of 
study by 
Takasao et al. 
(ApJ, 2015, 
805, 135) 
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1. Higher compression region 
(“blob”)  for stronger thermal 

conduction

Log10 (T/2 MK)
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β = pg / pm  

= 0.08

Influence of efficiency of thermal conduction / system size

Extension of 
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(ApJ, 2015, 
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[18 s] 

𝜿0 = 0 𝜿0 = 0.27 𝜿0 = 2.7

2. Enhanced evaporation for  
stronger thermal conduction

Log10 (T/2 MK)

Log10 (N/109)

vz [170 km/s] 

β = pg / pm  

= 0.08

Influence of efficiency of thermal conduction / system size

Extension of 
study by 
Takasao et al. 
(ApJ, 2015, 
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Shibayama et al. (2013) … 
Est imated energies of 
Kepler superflares assuming 
black-body radiation @ 
10,000 K plasma at the 
b a s e o f f l a r e l o o p s 
(ribbons). 

Jejčič, Heinzel & Kleint 
(2018): SDO Observations 
of X8.2 limb flare-loop 
emission detected in SDO/
HMI. Jejčič, Heinzel & Kleint (2018)

Heinzel & Shibata (2018): 
“ This new scenario for interpreting superflare emission suggests that the 
observed WL flux is due to a mixture of the ribbon and loop radiation and 
can be even loop-dominated during the gradual phase of superflares." 
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NASA Heliophysics Grand Challenges Research (HGCR):  
Physics and Diagnostics of the Drivers of Solar Eruptions 

Cheung, Rempel et al. (Nature Astronomy 2019)

LMSSC- X130149P    
 

8 

better understanding of a key subdomain of the Sun-Earth system, namely the convection zone of 
the Sun up to the corona. It is in this region that the dominance of gas pressure over magnetic 
pressure is reversed and where the magnetic field becomes the dominant player in driving solar 
eruptions. The proposed deliverables will help researchers quantify the physical conditions in 
this important subdomain. The investigation is also relevant to the third goal of the LWS: 
“Human Exploration and Development: LWS provides data and scientific understanding 
required for advanced warning of energetic particle events that affect the safety of humans”. The 
science and tools resulting from this project will advance our understanding of the driver(s) of 
solar eruptions and assist the community with forecasting eruptions.  
 
This proposal draws heritage from the 2007 LWS TR&T Focus Science Team targeting the topic 
“Solar Active Regions”. Three PIs (DeRosa, McIntosh and De Pontieu) from that Focus Science 
Team are Co-Is on this proposal. Techniques on synthetic diagnostics, MHD simulations as well 
as magnetofrictional simulations were developed as part of the efforts funded by TR&T. As part 
of this project, we will use data from NASA’s SDO, Interface Region Imaging Spectrograph 
(IRIS), Hinode, STEREO missions, and NSF’s CoMP and DST/IBIS instruments. The goals of 
this proposal are directly aligned with the science goals of these missions and instruments. 

3.  PROJECT ELEMENTS 

 
We now lay out the tasks of the project. For the work schedule, please refer to Section 4. For 
milestones for each task, please refer to Table 1 in Section 4. 
 

Figure 1: Schematic representation of science investigation Tasks S1-S7. Radiative MHD 
simulations with MURaM and Bifrost (S1 & S2) will produce 3D models of erupting ARs. The 
model output will be used for synthesis of observables in the atmosphere. The availability of 
the 3D models and synthetic observables provide the basis for remaining science tasks. 

A collaboration between LMSAL (PI: Cheung), NCAR, BAERI, 
SAO &  U Oslo, supported by NASA Grant NNX14AI14G
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NOAA AR 12017: 
one X-class (“Best 
Observed X-flare”), 
3 M-class, and about 
two dozen C-class 
flares 

Sunquake: Judge et 
al. (2014) 
Filament Eruption 
before X-flare: Kleint 
et al. (2015) 
IRIS Fe XXI FUV 
spectra: Young et al. 
(2015) 
Chromospheric 
Evaporation: Li et al. 
(2015)
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Sunspot simulation by Rempel et al. (2009)

Sunspots Simulation with MURaM

Top: Emergent gray intensity. Bottom: Vertical slice of |B|
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Synthetic GOES X-ray Light Curves

C4 flare if measured by detectors on GOES 15. The 
free magnetic energy (actual minus potential field) 
dropped by ~5x1030 erg (~10%) over 5 minutes. 

98.3 Mm
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 55 Rate of magnetic energy release



Synthetic SDO/AIA EUV Images
Top down view
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Synthetic Doppler Maps from Optically Thin Radiation
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Hard x-rays ≥ 25 keV   6 ≤ Soft x-rays ≤ 12 keV  

Us ing u s i ng the r ma l 
b re m s s t r a h l u n g , t h e 
model yields power law-
like shapes for the X-ray 
spectrum.  

The multi-thermal nature 
of the magnetic structure 
gives rise to the apparent 
non-thermal behavior.  

A b o v e - t h e - l o o p - t o p 
harder X-ray sources (> 25 
keV) are located above 
softer loop sources.
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Us ing u s i ng the r ma l 
b re m s s t r a h l u n g , t h e 
model yields power law-
like shapes for the X-ray 
spectrum.  

The multi-thermal nature 
of the magnetic structure 
gives rise to the apparent 
non-thermal behavior.  

A b o v e - t h e - l o o p - t o p 
harder X-ray sources (> 25 
keV) are located above 
softer loop sources.

Hard x-rays ≥ 25 keV   6 ≤ Soft x-rays ≤ 12 keV  
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Credit: SDO/HMI (visualization by Keiji Hayashi)

Emergence into the Solar Atmosphere
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“Magnetograms” from a Magnetofriction* simulation

From the CGEM collaboration between UC Berkeley, Stanford and LMSAL (Fisher et al. 2015).

*Magnetofriction means 
assuming plasma v to be  

proportional to  
the Lorentz force
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1 Mm = 1,000 km



There is no impulsive eruption at the time of the observed 
X-flare. However, moments before this time, a current-
carrying flux rope is observed to form and is eventually 
ejected, though the rise time is on the order of hours.

Visualization of field lines based on current density 
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Summary and Outlook
• The Sun is a natural laboratory for many astrophysical processes (e.g. heating 

mechanism of plasmas, acceleration of stellar winds, interpretation of radiative 
signatures). In particular, a lot of physical information is encoded at EUV 
wavelengths. 

• SDO/AIA has excellent temperature coverage of the corona (quiescent and flaring), 
and provides critical remote sensing diagnostics to observations by the Daniel K 
Inouye Solar Telescope (DKIST).  

• White light flares not well understood. Usually WL emission is assumed to be black-
body radiation @ 10 kK.   What is the WL contribution due to flare loops?  

• MHD models of the solar corona increasingly applied to test exoplanet habitability 
(w.r.t. space weather impacts on life). Are these models valid for other stars? 

• Synthetic observables in a data-inspired flare simulation (Cheung, Rempel et al. 
2019) qualitatively match observations of flares. For example, non-thermal-like X-
ray spectra can result from multithermal distribution of plasma (in our model). 

• The SDO dataset is a treasure trove of information for physics-based and for ML 
models (Bobra & Mason 2018; e-book for ML for Heliophysics; Galvez et al. 2019: 
A ML Dataset for SDO).
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